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NEHLIFTHBEN, TOBEEZEET 5,
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[BlEzkE A DF 7 + P BEEFOHRELTH S, LoL. [MZED
& S ISR DNRE I NE D ZRRET O HERDBEAAS )
EIT->TWBEEZL D, - T BAIFHEIRRED I AAIZHDWTENK
A




C],CZ’C;;,"

Cl,cz,cs,”'

Ei (x)
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List of Symbols

integration constant

integration constant

specific heat capacity per unit volume in liquid
solute concentration in solid

equilibrium solute concentration at planner solid-
liquid interface

solute concentration in liquid far from interface
thermal diffusivity

diffusion coefficient of solute

capilarity length (= ¢ ngmo>

unit normal vector of surface
(in Appendix A)

integral exponential function

first fundamental quantity of surface
arbitary functionof T (in §2,1)
function of x (=p;7n? (in §2.4 eq.4.14)

first fundamental quantity of surface (in Appendix

A)

_dT, _

T de (in 82, 1)
Ul(ga;}") :Fi(f> Gi(ﬁ) (in §2.4)
=ff(——7-.) (in §2 2)

first fundamental quantity of surface (in Appendix

A)
= f fing (0’ (in Appendix C)
U,(£,7)=F:(E)G,(n) (in §2.4)
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I ;.erfe(x)

I‘.
J

J
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K.,

L

Lo
L3(x)
L1(p,n)
L:(p,n)
M

m

M

Mi(p,,7)
Mz(p,,n)

n

N1
N2

Ni(p.,n)
NZ(pL,ﬂ)

p

mean curvature of surface (in §2.3,Appendix A)

_ lf"" g1
= — e " ——e
nl Jo v/

unit vecter along x—axis

-2/ pt dt

unit vector along y—axis

hert flux

bessel function of the first kind

unit vector along z—axis

modified Bessel function

liquid

normalized integural error function (see Appendix C)

(in 82.4)

second fundamenal quantity of surface (in Appendix A)

=L [n1+ﬂlm2/}12] /?'

(A:Twu/(7.Q ")*] (n2+)L M/ A s)
Laguerre function (-—
see §2.4(4.28a)
see §2.4(4.28b)

(in §2.3)

(in §2 3)

1)“

()]

second fundamental quantity of surfase (in Appendix A)

=0.60
=2.08

see §2.4(4.27c)
see §2.4(4.27d)

natural number,integer

=1.21(specially in 2.3)

=1.33
=3. 86

see §2.4(4.27a)
see §2.4(4.27b)

position vector



~

H s« » H Y O 0%

Us(fﬂ?)

UL(E,W)
Vv

N R R =

2Vp>
D

latent heat of fusion per unit volume

peclet number <=

latent hert of fusion per unit mass

radius component of polar coordinate system

radius of liquid—solid interface

solid

time, parameter

temperature

actual temperature of sold—liquid interface

temperature in liquid

E(—-p_£")

Ivantsov’s solution (: Toot+ (Ty—Too)
melting point

temperature in solid

temperature in liquid far from interface
suppercooling

dimensionless temperature

parameter

=Ts(&,7)-Tu

=T.(&,n)-T, (&)

growth rate of needle normal to interface
=J

component of Cartesian coordinate system
component of Cartesian coordinate system
component of Cartesian coordinate system

z—axis is along growth direction
T=z—Vt

E(—py)
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Greek

)

I'c
O im

g

6 [S]

¢
O(a,r;z)
¥(a,7 ;2z)

constant

=0.457(in §2.3)

constant

mass density of solid

mass density of liquid

gamma function

Gibbs—Thomson coefficient
Gibbs—Thomson coefficient of solute

amptitude of perturbation (in 4.2)
_ 2DthCLTMO'

&Vl

angular component of parabolid revolution coordi-

nate system (see fig.3) angular component of polar

coodinate system

second component of paraboloid revolution coodinate system
(see f1g.3)

thermal conductivity

first componenf of paraboloid revolution coodinate system

(see fig . 3)

circular constant

curverture raditious at the tip of the paraboric

revolution

suface energy of liguid—solid interface

entropy production

second angular component of polar coodinate system

cofluent hypergeometric function of first kind

confluent hypergeometric function of second kind
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—. M. WBaHuyosDEERR

EFRUBIC. BBAFLY K54 b OBEE VS EEONEEN S
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e & BRA B F T ERE AT BEETH D, BRLES (m/s)
CEEDETT B0 OWE A E b7 BHKE S OEEBAHIEET 5
& XFUDTEEIBETT 5. (bBBA. JHE IZRHCEHREE IR S
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£ FOREEEEEAL L GESIEHHIAS BBEOETNRESICEEL
1RNE L) | RBBBEATOERRE LT, BES. REEE. ¥V K51 k
iRzt 500 BB T K54 b1 ORETH 5,

2.1.1 MWBawuuyos®dDHT

WBETVRZA POBBETNVOHRESIE, 'LII.UBanuosDRX
[1] THB, ZOHRXIIHFERBFAER TV ED/COFREDEVIFHIC
BEINIE, BOBAI TRRNE) AEZHOWTWAIENS, ST
O TR 2TV,
NUBaunnos®DwX [1] &, TABLALBEIVKRETSEE. HE
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CUENGN EHTT7—) L HBERZRET 5

%—f:DMVZT (1.2)
HIREHT
T = T (Tw > T,) (L3)
MHER LT
T = Tu (@i L) (1,4)
'_A<_%g;>TM::Q<€%%>TM (1.5)

(1.5) RRFAEIBIFHZHNKOKTH S, (15) AT
Q::_<07‘ dn)

A on/ \dt
:_<6_T oT aT>
on ot on

(4T
& LT,

(5 (5 () = =3 50 16
(1.6) XMEEOREEE [ (T) -7, MHLHEX:

() +(55) + (5= ) =57

(LT)
DRI L TWB— R A 3BEIEa L RIian 3,
- T, BEEOBRIZIRD L 5175 3,
(A= (1. 2), (1. 7) EBREHF (1.3) (1.4) (1.6) %ik
BT 5 EADRERILDT X TORA EREDORESZCHRT 5 &, |
HERX (1.7) OBDE. 5750V 2—v v L ICE-T
HCHC: by x4 Cy+C,2+ Cut +C,
G (1.8)
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Solid Liquid
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Fig.1 Schematic illustration of temperature profile for

Ivantsov model
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T=(D (x1+C1y+sz+C3t+C4)

EVSENTTLE 3o Chid. FER (1.2) 2R 5.

PIF. UBarnosl (1.8) RoBAIEEEE LT, OONEEX D
BEEATO. B - OERORRICS>SWT. $HADEEEERT 2,

Z 7.

T= cp(—z—mt+g/ r‘+ (z+mt)?) (L9)

NEDBERIBAL LTRINE, (0B, EEOEEEIZILSEH LD
EEEHANATH B 2 DM . LT, FEOEA . i SOk
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THBIErbMDS. (1. 9% (1. 1) RTRALL(L. 3) H.(1.5)
R, (1. 4) RTEHRERELT

VR
T—Ts _.E‘(_ Q,Dthw>
Tu—To (__ VR>
E\~%D.,
(1.10)
__T
2 2 . 2 —
w:‘/x—:y +<z Vt>+z Vit
0 0 0
(1.11)

3%, o BEEEYHED T T,
t=1, T X=Xo. Y=Yon 2=29 DEN
w=1 (FEEAL THsLx,

o=~/ xi+yi+z} (1.12)
TRANB,
BENEH Vo, 2D,, (=P, : Pectetf) I,
—penEi(—p)= T2 e,
(1.13)
TREINS, Thid. REICBIAEEOFELDEIN.2.1. 38T

BT 3,
AIEDOE®IC, (1.10), (1. 1DTF AL MEETIHEDRINTHWS (x, Y,
z —Vt) DARBECTHEBMIETHEIEERE D £9.
2=z -Vt (1.14)

LEHT AL, 2 BEXVORET 2EAETLICHE T 2 EERTOREESE
Td I EIT B, (1.11) XEEBENZ T,
o o (1,15)
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ST, (1,100 XTw= 180 T=TwTREEZERDT, - T\
p4 2 ’Z ’
‘/x +y 2—}—2 IR
0 0
Xty t+zt ::<1m z’>2

o’ Jo

’ 79
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o o

o X HY

2 " 2p (1.16)
(1.12) OFXFZLAEL 5 &,
o— O x3+4

2 2 (1.17)

2. 1.2 [EEEHEERS

(1.1 &, (bL<R (1.1D D) » 5. REIEEEYMATS 5 2 &N
HOnLEMho, (1.15) XebisFBETEEZMNZ, (1.10) XEBEHY
BEETRRETE5ONERTH 5,

CIT, ROEDIE HEZ, BEEINEEEDEA LTS,

2 DDRR

___1_ a2 2t
2= 2‘052( x+0§>,<.0>0) (120)

2= (x*—= '), (0 >0) (1.21)

207°
DEEEIT L > CHEAERT 50 EAEA 5. (COBRBTIE. £, 7 3k
DR Z RO BEMA[FHI NS A —F12F EI30) EBE (1.20), (1.2D) %
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7<l n=2

Fig.2 Palabolic coodinate N | 7
and Cartesian coodinate 20-5—':_ o
(from Ref.[ 2]) &1
1 (___xZ_'_pZEtl): l (xZ_pznti)
20E° 20n° Fig.3 Coodinate

(—x*4 oD =Ex*— p'n") System of Palabolic
(E 7Dt — o (E'R + Eln)=0 Coodinate
(EZ_{’_T}Z)(x?_pZEZnZ): O

W-T
x=p&n
(1.20) KITRKALT
z= é}(f“—n@

LB, ZDAA—=Vidp=1DL%E, Fig. 2TRIN 5,
[EfRIC, 3IRTZEMITBNVT,

x=p &7 cosb
y=p & nsinb (1.22)
z=5(g*—1n"
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NS LT X - C. [OEEHEEERE (F, 7, 0) 2ERTHILNTE
5. (Fig. 3)

b, F AL NEETER I N T\ ERECE BERERE (£, 7,
0) TImhd B I LT D, BEEOFERITITI FZ 7Y (V) BHT
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135180,
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& LT,
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Ol AR EEIE D5 &
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w= (G2 (4) +(55)
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- (323 e
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o R W TR, S
= oEng 35 (655
i he )= o1y o (5
0 (hh: W\ _ 8 [ 0'EHpYD W\ p(E+7pD) 4V
6u3< hy 6u3)_ 69< o&En 09>_ En 3 6*
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2& 0z 27 0z 0
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if: x2+y2= ‘02;52772

20’ 66 +20 07] =0
0k
iy +E =0
(1.24-2)
(2.24—1) & (2.24—-2) =& LT
o0& _ £ on _ _ n
0z o(EXH+7pY° 0z p(EM+n")
E-T
oV _ 1 (‘E ov 611f>
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(1.25)
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MBaunuos®DiE, (1.10),(1.1D)%AEEEKYHEBIERfE > TEHFEXNMA.

(1.1)DRX%EHT 5,
(1.22) X&D
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y= pEnsing

2= S =)

Z (1.15) RURAT B, 22 Tz0RODIT 2’ 2> TV B DR EEHY)
EOEER L REIE > TEHIETVWEIEEZZATVS,



242

w= [ Leotrcosts + pteiasine)+ L (g1t + 5 (5o
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i

WE->T
T—To _ B~ 552 £)
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HlETHD, TNRAEIIBITHHPGEOR (1.5) ZHEHINBA, %
FTEZO—MEEZEBERDT 5. REDEHENZ bz’ HOEDRE &Y
Bx ¢, REDERAROBEERELE Vid LT, REDEET.

Vn
cos ¢

R Y §
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HEXVTz HAICRELIBEH L THH 0. BEEEINERIREEXZ R > &L &, 2
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T

0

Fig. 4 Heat balance in steady —state condition
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OENTAAL T LT85, —HRENENEDETHL VOBEETE S &1
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THb, /- TEEZ(IZ
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0n 0
(2.6)
£9°3) Bt (2.6) K&, (2.3) KL
0T 1 8T
ENE +<?+2p5>—a*7 =0
LB, BB ASOAEEII L TWADENS, IRFE: LEIFXS,
8T 1 0T,
ra +<_§_+2po> ag "
2.7
CCTT REDADERHMTH A0, REOEZEMMIIEZRI TIW,
T, 1 dT,
dE +<?+QPLE>—3‘§‘ =0
(2.8)
EREHE (2.4) ,(2.5) 1%
TL:TM atE:l (2 9)
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LEEEBING, (2.8) RT TE—gH)EBUT Q1)
dg 1 _
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1 og _ 1 ., .
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_PLEZ

— Clog £
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dTL e‘PLE
Sl S o RL A
dg 3

T, (£) 2k»5i12id (2.12) ZHBUES T IV,
T, = CZng(t)dHCa
&

~ Py 52

= CZ'J;OQ e dt'+'C3

t
T
u:thz
LEMT S L
. du . Zthdu
F-7T
_ o el 2t
TL = CzJ;L&z n u du ‘!—Cg

— oG [T EldurcC
wsz ZIPL&-?_U—_ u-+ 3
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e:fciéo f:f:‘: L/\ Cl, CZ, CB, CMiﬁE%ﬁﬁf%@\

*e

Ei(—x) = —fx t dt [x>0]

IREATERBIE T D %,

(2.12)

(2.13)
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Too:C3
THBMNO
Ei(— 2
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2.3 TemkunuDET
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LENERu, vOXRT MVEBE LTERRL TERTED 5,
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ERREIN 5,

[ElE MR B R (- T
x = pEncosl
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Appendix B AREB&MAERX ([7] p.260~280)
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BliH.
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Appendix C Normalized Integral Error Function

A (4.18a) @

I1 = #J:me_ltn—’\/l—?e—zmdt

(c. 1)
T, (p:=p ¢tBRELT 3)
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